C-reactive protein (CRP), an acute phase reactant and marker of inflammation, has been shown to be associated with CRP genetic variants and incident hypertension, but it is unclear whether this link is causal. We therefore conducted a prospective, nested case-control study to examine the relationship between single-nucleotide polymorphisms (SNPs) within the CRP gene, circulating CRP levels and the development of hypertension. Plasma CRP levels and the genotypes of eight SNPs were determined in 2000 unrelated Shanghai residents, including 908 hypertensive individuals and 1092 normotensive individuals. Among the 1092 normotensives, 968 subjects were followed up for 2 years, during which 71 developed hypertension. Plasma CRP levels were independently associated with the development of hypertension in the follow-up study (odds ratio per quartile ¼ 1.64; 95% confidence interval: 1.18-2.26; Po0.001). The minor alleles of rs1130864 (Po0.001) and rs3093059 (Po0.001) were significantly associated with elevated CRP levels, and the minor alleles of rs1205, rs1800947 and rs2246469 (all Po0.001) were associated with decreased CRP levels. A haplotype-based analysis strengthened the results of single-locus analysis. However, none of the SNPs or haplotypes was significantly associated with blood pressure, incident hypertension or changes between baseline and follow-up blood pressure levels. Taken together, our findings demonstrated that plasma CRP levels were substantially associated with common genetic variants in the CRP gene and could predict the development of hypertension. However, the relationship between genotype and CRP levels was not associated with a change in hypertension risk.
INTRODUCTION
Mounting evidence suggests that persistent low-grade inflammation may be involved in the initiation and development of hypertension, with the exertion of proinflammatory actions through several mediators, including adhesion molecules, chemokines, growth factors, heat shock proteins, endothelin-1 and angiotensin. 1, 2 Markers of inflammation may reflect subclinical vascular inflammation and thus be useful diagnostic tools. C-reactive protein (CRP), an acute phase reactant, is typically considered an inflammatory marker. Increased circulating concentrations of high-sensitivity CRP (hsCRP) have been associated with a panel of clinical endpoints, such as obesity, diabetes mellitus, 3-5 hypertension 2,6-8 and atherosclerotic cardiovascular disease. [9] [10] [11] [12] [13] The reported heritability estimates of CRP range from 27 to 40%. Common genetic variants in the CRP gene were found to be associated with plasma hsCRP levels, 11, [13] [14] [15] [16] and this association may vary in different ethnic groups. 17 As essential hypertension, accounting for 95% of cases of hypertension, is thought to arise from a mosaic network including a host of genetic and environmental factors that interact with each other, 18, 19 it has been hypothesized that genetic variation in the CRP gene may influence plasma CRP levels and the subsequent development of hypertension. However, few prospective studies have investigated the causal relationship of plasma CRP and hypertension, especially in Chinese populations. Using existing sequence data and available haplotype-tagging SNPs, we comprehensively examined the common variations in the CRP gene in association with plasma CRP levels and tested whether these common genetic variants were associated with incident hypertension in a population-based prospective cohort of Chinese individuals.
METHODS Participants
All subjects in this study were of Han Chinese descent and are currently residing in the Shanghai area. A random sample of 2000 unrelated subjects aged X35 years were recruited in 2008, including 908 hypertensive patients and 1092 normotensive controls. The study protocol was reviewed and approved by the Ethics Committee of Shanghai Ruijin Hospital, and written informed consent was obtained from each subject. Of the 1092 normotensive controls with complete CRP levels and DNA samples, 968 were followed up after 2 years (in 2010), at which point 71 had developed hypertension.
Demographic information, including age, sex, smoking, drug treatment and cardiovascular disease history, was obtained from each patient using a standard questionnaire. Blood pressure was measured on three occasions with at least 10-min intervals by experienced examiners with the patients in a seated position according to a standard protocol recommended by the American Heart Association. All of the hypertensive patients met the following criteria: onset of hypertension before age 60 years; mean systolic blood pressure (SBP) X140 mm Hg and/or mean diastolic blood pressure (DBP) X90 mm Hg or the current use of antihypertensive drugs; and free of secondary causes of hypertension as assessed by extensive biochemical and clinical examination.
SNP selection and genotyping
We implemented a multistage approach to choosing haplotype-tagging singlenucleotide polymorphisms (tSNPs). First, three SNPs (rs1205, rs1800947 and rs3093059) were selected from the International HapMap Project collection of Han Chinese data, 20 which were sufficient to assess the variation from 30 kb 5 0 upstream to 30 kb 3 0 downstream of the gene, with r 2 X0.9 and minor allele frequency X5%, respectively. Second, another three SNPs (rs2211321, rs2027469 and rs12031749) from the NCBI dbSNP database were selected because their minor allele frequencies were X5% in Asians. In addition, rs1130864 was included because it has been reported to be associated with CRP level. 21, 22 Genomic DNA was extracted from leukocytes in a peripheral blood sample using a standard phenol-chloroform method. TaqMan SNP allelic discrimination was used as the primary genotyping technique. The genotyping protocol was performed on an ABI 7900HT real-time PCR machine (Applied Biosystems, Foster City, CA, USA) with primers and probes designed by Applied Biosystems. The genotypes were scored with SDS 2.2.2 allelicdifferentiation software (Applied Biosystems). Approximately 5% of the samples were randomly selected to evaluate the reproducibility of the assay, and the concordance rate was more than 99%.
Measurement of biochemical variables
We collected fasting blood samples from each participant and processed the samples into separate serum, plasma and buffy coat aliquots. Baseline hsCRP was measured in plasma samples from 2000 subjects using an immunoturbidimetric assay on a Hitachi 911 analyzer (Roche Diagnostics, Chicago, IL, USA). The plasma triglyceride, total cholesterol, high-density lipoprotein cholesterol and fasting glucose concentrations in both the baseline and follow-up studies were determined enzymatically using commercially available kits and an autoanalyzer at the Shanghai Ruijin Hospital. Levels of low-density lipoprotein cholesterol were estimated using the Friedewald equation.
Statistical analysis
The mean values of continuous variables were compared using the Student's t-test. The w 2 test or Fisher's exact test was used to assess Hardy-Weinberg (H-W) equilibrium and to evaluate the differences in genotype/allele distributions between the two groups at baseline.
We log-transformed hsCRP concentrations with markedly skewed distributions to achieve near normal distributions and then calculated the differences in geometric mean values. To evaluate the association between CRP SNPs and plasma levels of CRP, we employed multivariable linear regression analyses that treated plasma hsCRP concentration as a dependent variable and tSNPs as independent variables, and controlled for factors such as age, sex, body mass index and cigarette smoking among the normotensive group. The odds ratio (OR) derived from the logistic regression was used to estimate the hazard ratio for the relationship between CRP and hypertension. Lewontin's D prime (D 0 ) and the correlation coefficient (r 2 ) were calculated as two measures of linkage disequilibrium between CRP polymorphisms among normotensive participants. We employed the haplo.score and haplo.glm functions implemented in the Haplo.stats program to calculate haplotype frequencies and test for association with blood pressure and CRP levels. The analysis was adjusted for multiple testing using the false discovery rate method. 23 The study power was calculated using PS (Power and Sample Size Calculations, Vanderbilt University, Nashville, TN, USA) software version 3.0.
RESULTS

SNP data and clinical characteristics of the study population
All studied polymorphisms met the Hardy-Weinberg equilibrium in the normotensive group. Table 1 shows the data for the eight tag SNPs in CRP gene. There were no significant differences between hypertensives and normotensives for any of the studied SNPs at baseline, except for the genotypic distribution of rs3093059 (P ¼ 0.022). The clinical characteristics of the 2000 subjects analyzed in 2008 and the 968 subjects in the follow-up study in 2010 are presented in Table 2 . Hypertensive patients had significantly higher age, body mass index, triglycerides, fasting glucose and CRP levels but lower HDL cholesterol levels than normotensive controls, and they were more likely to be men.
Association of plasma CRP with blood pressure and hypertension As shown in Table 3 , the cross-sectional analysis indicated that plasma CRP levels increased with both SBP and DBP (Po0.001). The prevalence of hypertension increased with plasma CRP levels after adjusting for confounding factors (OR per quartile ¼ 1.39; 95% confidence interval (CI): 1.22-1.58; Po0.001).
Among 968 normotensive subjects, the incidence of hypertension measured in 2010 was positively correlated with the plasma CRP levels measured in 2008 (OR ¼ 1.64; 95% CI: 1.18-2.26; Po0.001). CRP levels were significantly associated with changes in SBP (P ¼ 0.002).
Association of SNPs with plasma CRP levels and hypertension
Among 1092 normotensive controls at baseline, 5 out of the 8 tSNPs genotyped were significantly associated with plasma hsCRP levels ( Figure 1 ). The minor alleles of rs1130864 and rs3093059 were significantly associated with 32.1 and 22.3% higher hsCRP levels, respectively. In contrast, the minor alleles of rs1205, rs1800947 and rs2246469 were associated with 24-38% decreases in plasma CRP levels. Among all 2000 subjects, none of the SNPs was significantly associated with prevalent hypertension after adjusting for age and sex (Supplementary Table 1 ). Similar results were obtained for quantitative blood pressure traits when subjects on anti-hypertensive medication were adjusted by SBP/DBP of 10/5 mm Hg (Supplementary Table 2 ).
Association of haplotypes with plasma CRP levels, risk of hypertension and blood pressure Haplotypes were constructed using the five SNPs (rs1205, rs1130864, rs3093059, rs180094 and rs2246469) that were associated with CRP levels. Five common haplotypes (H1-H5) had an estimated frequency X5% (Table 4) . Four haplotypes were associated with plasma CRP levels, similar to the association of individual SNPs with CRP levels. Haplotypes H1 and H5, which contained the minor alleles of rs1130864 and rs3093059 and the major allele of rs1205, were associated with elevated baseline plasma CRP levels (Hap-scores ¼ 2.05 and 2.35, respectively, Po0.05), and H4, which included the minor alleles of rs1205 and rs180094, was associated with decreased CRP levels (Hap-score ¼ À2.87, P ¼ 0.004). All haplotypes had a nonsignificant association with blood pressure, prevalence of hypertension and changes in blood pressure (all P40.05).
DISCUSSION
In this study, we investigated the relationship between plasma CRP levels and the risk of developing hypertension using a prospective, nested case-control study design. Plasma CRP levels were found to be significantly associated with both SBP and DBP, and an elevated CRP level at baseline was predictive of the development of hypertension. Our study, conducted in a cohort with a wide age range, is consistent with the previous findings. Among female US health professionals aged X45 years 24 and elderly subjects aged X65 years, 8 CRP levels were associated with the future development of hypertension, suggesting that inflammation contributes to the pathogenesis of hypertension. Some animal studies supported the results of our study. For example, Guan et al. 25 found that transgenic mice with CRP overexpression exhibited efficient and sustained hCRP expression and increased blood pressure. This effect was associated with the increased expression of the angiotensin type 1 receptor, serum endothelin 1 and the endothelin type A receptor, and the decreased expression of the angiotensin type 2 receptor and endothelial NO Abbreviations: CI, confidence interval; CRP, C-reactive protein; DBP, diastolic blood pressure; OR, odds ratio; SBP, systolic blood pressure. a ORs (multiplicative increase in odds per quartile of CRP) using unconditional logistic regression, adjusted for matching factors: age, sex, body mass index, total cholesterol, triglycerides, highdensity lipoprotein cholesterol, low-density lipoprotein cholesterol,fasting glucose and current smoking. b,using multivariable linear regression analyses adjusted for matching factors. b For subjects on anti-hypertensive medication, the blood pressures were adjusted by adding 10 and 5 mm Hg to their SBP and DBP.
synthase in the thoracic aorta. Nagai et al. 26 showed that transgenic transverse aortic constriction mice overexpressing the human CRP gene had higher myocardial messenger RNA levels of interleukin-6, CD68 and collagen-I, and greater levels of infiltrating Mac-2-positive macrophages and reactive oxygen species than nontransgenic Â transverse aortic constriction mice. At 4 weeks after surgery, the heart and lung weights and extent of cardiac fibrosis were greater in transgenic transverse aortic constriction mice. Therefore, CRP itself may have a pathogenic role in the development of pressure overload-induced cardiac remodeling, possibly through enhanced inflammation and oxidative stress. Although studies that assessed common variation and haplotypes in the CRP gene with plasma CRP levels have used different SNP selection and haplotype estimation methodologies, our study confirmed previous reports of the association of plasma CRP with genetic variants, especially that the minor alleles of rs1205 and rs1800947 are associated with lower CRP levels and that the minor allele of rs1130864 is associated with higher CRP levels. 12, [15] [16] [17] 21 Moreover, we found that the G allele of rs2246469 was associated with lower CRP levels in Han Chinese.
The use of CRP genetic variants as instrumental variables has been widely applied to study whether CRP has a direct pathogenic role in vascular diseases or is just an 'innocent bystander' . Thus far, the results of these studies have been controversial. As low-grade inflammation has been associated with endothelial damage, hypertension, atherosclerosis and other components of metabolic syndrome, we analyzed all of these diseases in a comprehensive way. On the one hand, in a large German sample, 21 three SNPs (rs3093075, rs1130864 and rs1800947) showed a significant association with microangiopathic stroke. In Turkish adults, 27 four SNPs (rs3091244, rs1130864, rs1800947 and rs1205) were studied, and the haplotypes CGCA and TGTG were associated with elevated serum CRP levels and hypertension in women and men, respectively. On the other hand, Lawlor et al. 28 reported no associations between CHD and a genetic variant (rs1130864) that is known to be related to CRP levels, and the Rotterdam Study 11 reported that four haplotypes significantly associated with CRP levels were not associated with CHD. Similarly, in healthy elderly Japanese, 29 rs3091244, rs1130864 and the T-T-G (rs1341665, rs3091244 and rs1800947) haplotype were identified as genetic markers for elevated basal CRP levels, but rs1800947 and the C-C-C haplotype appeared to be correlated with arterial pulse wave velocity.
In this study, we failed to find any significant association between SNPs in CRP and hypertension; that is to say, the relationship between genotype and CRP levels largely did not translate to an associated change in hypertension risk. It remains possible that the elevation in CRP levels could be caused by environmental and lifestyle factors such as smoking, obesity and insulin resistance. 30 In addition to environmental stimuli, CRP is induced by other inflammatory cytokines, and additional genes may regulate CRP levels as well. 31 As stated by Danesh et al., 32 although elevated CRP was a predictor of cardiovascular disease, it added little to current risk prediction models based on established traditional risk factors.
Several limitations of this study merit consideration. First, the 2-year follow-up period is somewhat short, and only 71 subjects developed hypertension during this time. Owing to the small sample size of this study, we could not exclude the possibility of an association between CRP SNPs and hypertension/blood pressure. However, we had more than 85% statistical power to detect an OR of 1.64 for hypertension in the follow-up cohort. Moreover, this community-based cohort is relatively socioeconomically homogeneous and may not represent a random sample of the Chinese Han population. Nevertheless, we were able to analyze the relationship between CRP and hypertension using both cross-sectional and Figure 1 Association between CRP genetic variants and CRP plasma concentrations (mg l À1 ) among 1092 normotensive subjects in additive genetic effect model. The error bar shows the 95% CI of the geometric mean. The x axis shows the genotypes for each SNP in the order of homozygous major alleles, heterzygotes and homozygous minor alleles. The P-value were adjusted for age and sex. Table 4 Haplotypes observed with a frequency of X0.03 in the order of rs1205, rs1130864, rs3093059, rs180094 and rs2246469.
Hap-Score and P were calculated by haplo.score function implemented in Haplo.stats program, adjusted for matching factors.
prospective study designs in the same study. In addition, the SNPs we selected capture most of the variations in the CRP gene, and our haplotype-based analysis was consistent with the single-SNP-plasma hsCRP associations in both direction and magnitude.
In conclusion, our study confirms that plasma CRP levels predict the development of hypertension in Han Chinese. The steady-state plasma CRP levels are influenced by CRP SNPs and haplotypes, but our study does not support the hypothesis that common variations in the CRP gene exert a substantial effect on hypertension risk. Further studies are warranted to confirm the ethnicity-related differences in CRP gene variants and the potential direct roles of these genetic variants on the risk of hypertension.
